Spinohysively via indirect, multisynaptic projections. However, repothalamic tract neurons in the cervical enlargement of rats: locations cent electrophysiological and anatomic studies (Burstein et of antidromically identified ascending axons and their collateral al. 1987 , 1990a, 1991a Carstens et al. 1990; Dado et al. branches in the contralateral brain. J. Neurophysiol. 77: 435-451, 1994a,b; Katter et al. 1996a,b; Menetrey and DePommery 1997. Antidromic activation was used to determine the locations of 1991) have shown that neurons in the spinal cord project ascending spinohypothalamic tract (SHT) axons and their collateral directly to the hypothalamus. These results suggest that diprojections within C 1 , medulla, pons, midbrain, and caudal thalamus. 435 
rect spinal projections to the hypothalamus may provide sen-Sixty-four neurons in the cervical enlargement were antidromically sory information to hypothalamic neurons that are involved activated initially by stimulation within the contralateral hypothalain the production of autonomic, neuroendocrine, and emomus. All but one of the examined SHT neurons responded either preferentially or specifically to noxious mechanical stimuli. A total tional or affective responses to noxious stimuli (reviewed of 239 low-threshold points was classified as originating from 64 in Giesler et al. 1994) . ascending (or parent) SHT axons. Within C 1 , 38 ascending SHT Injections of the retrograde tracer Fluoro-gold that were axons were antidromically activated. These were located primarily in restricted to the hypothalamus of rats labeled roughly 9,000 the dorsal half of the lateral funiculus. Within the medulla, the 29 neurons throughout the length of the spinal cord (Burstein examined ascending SHT axons were located ventrolaterally, within et al. 1990a ). Injections of the same retrograde tracer that or adjacent to the lateral reticular nucleus or nucleus ambiguus. Within filled the thalamus of rats labeled roughly 9,500 neurons the pons, the 25 examined ascending SHT axons were located primar- (Burstein et al. 1990b) . Therefore it appears that the total ily surrounding the facial nucleus and the superior olivary complex. number of neurons in the spinal cord that project to the Within the caudal midbrain, the 23 examined SHT ascending axons coursed dorsally in a position adjacent to the lateral lemniscus. Within hypothalamus is surprisingly similar to the total number of the anterior midbrain, SHT axons traveled rostrally near the brachium neurons that project to the thalamus. Unilateral injections of of the inferior colliculus. Within the posterior thalamus, all 17 examretrograde tracers that were restricted to the hypothalamus ined SHT axons coursed rostrally through the posterior nucleus of labeled neurons throughout the length of the spinal cord. thalamus. A total of 114 low-threshold points was classified as collat-Labeled spinohypothalamic tract (SHT) neurons were found eral branch points. Sixteen collateral branches were seen in C 1 ; these bilaterally in the superficial dorsal horn and deep dorsal horn were located primarily in the deep dorsal horn. Forty-five collateral (DDH) and in the area around the central canal (Burstein branches were located in the medulla. These were primarily in or near et al . 1987 , 1990a Carstens et al. 1990; Menetrey and De- the medullary reticular nucleus, nucleus ambiguus, lateral reticular Pommery 1991), areas that are each importantly involved nucleus, parvocellular reticular nucleus, gigantocellular reticular nucleus, cuneate nucleus, and the nucleus of the solitary tract. Twentyin nociceptive transmission. SHT projections have also been six collateral branches from SHT axons were located in the pons. examined with the use of anterograde tracing techniques. These were in the pontine reticular nucleus caudalis, gigantocellular Unilateral injections of the anterograde tracer Phaseolus vulreticular nucleus, parvocellular reticular nucleus, and superior olivary garis leucoagglutinin into the rat spinal cord labeled axons complex. Twenty-three collateral branches were located in the midand varicosities throughout much of the hypothalamus bilatbrain. These were in or near the mesencephalic reticular nucleus, erally, including the supraoptic decussation, the lateral hypobrachium of the inferior colliculus, cuneiform nucleus, superior collithalamus, the posterior and dorsal hypothalamic areas, and culus, central gray, and substantia nigra. In the caudal thalamus, two the paraventricular and dorsomedial nuclei (Cliffer et al. branches were in the posterior thalamic nucleus and two were in the medial geniculate. These results indicate that SHT axons ascend to-1991; Newman et al. 1996). ward the hypothalamus in a clearly circumscribed projection in the The earliest suggestions of a direct projection from the lateral brain stem and posterior thalamus. In addition, large numbers spinal cord to the hypothalamus were based on anatomic of collaterals from SHT axons appear to project to a variety of targets studies in monkeys. Chang and Ruch (1949) and Morin et in C 1 , the medulla, pons, midbrain, and caudal thalamus. Through its al. (1951) demonstrated that section of the monkey spinal widespread collateral projections, the SHT appears to be capable of cord caused degeneration of fibers in a small area of white providing nociceptive input to many areas that are involved in the matter adjacent to the optic tract named the supraoptic decusproduction of multifaceted responses to noxious stimuli. sation (SoD) at several levels of the hypothalamus bilaterally. In both studies, the authors noted that SHT fibers as-
cended in the SoD ipsilateral to a cordotomy, crossed the midline in the posterior part of the optic chiasm, turned Nociceptive input from the spinal cord to the hypothalamus has been traditionally thought to be transmitted exclu-posteriorly, and then descended in the SoD toward the poste-sion of presumed antidromic with orthodromic action potentials. rior thalamus, where they could no longer be detected. Re-After identification of an antidromically activated unit, a second cently, Newman et al. (1996) have shown that injections of stimulating electrode was inserted into the lateral funiculus of C 1 biotin dextran into the spinal cords of monkeys anterogradely on the side contralateral to the recording site. This electrode was label large numbers of fibers and terminals in many of the lowered through one or more tracks (separated by 300-500 mm) areas of the hypothalamus in which labeled SHT fibers were in the same anterior-posterior plane until the examined unit could seen in the comparable studies in rats. These findings suggest be antidromically activated with the use of pulses°30 mA. Collithat a substantial SHT exists in primates and that the course sion of action potentials generated from the electrode in the hypoand areas of termination of SHT in primates are strikingly thalamus and from the other in C 1 was demonstrated to ensure that similar to those reported in rats. the action potentials generated at the two locations traveled within the same axon. In most experiments, the stimulating electrode in Physiological studies in the cervical (Dado et al. 1994b) the hypothalamus was then withdrawn and inserted into either the and lumbosacral enlargements (Burstein et al. 1987 (Burstein et al. , 1991a posterior thalamus, midbrain, pons, or medulla, and the procedure have shown that the majority of SHT neurons are activated of determining antidromic thresholds was repeated throughout mulstrongly by noxious mechanical and thermal stimuli. In additiple tracks across the medial-lateral extent of the contralateral tion, Katter et al. (1996a,b) have recently shown that SHT brain. In several experiments the stimulating electrode in the hyponeurons in sacral segments are activated by noxious stimulathalamus was left at the low-threshold point and the electrode in C 1 tion of visceral as well as cutaneous structures. These findwas moved into the medulla, pons, or midbrain. Collision between ings indicate that SHT neurons at all levels of the spinal antidromic responses elicited at each low-threshold point in the cord and spinal trigeminal nucleus (Burstein et al. 1991b) brain with action potentials generated from either the electrode in are powerfully activated by noxious stimuli. They also sug-C 1 or the hypothalamus was demonstrated. Planes of stimulating tracks were separated by ¢1 mm in the anterior-posterior dimen-gest that the transmission of nociceptive information appears sion. Antidromic latencies were measured to the nearest {0.05 ms.
to be a prominent function of the SHT.
Antidromic action potentials were amplified, filtered (0.1-5 kHz), Previously, we used the method of antidromic activation sent to a computer, digitized (sampling rate 80 kHz), and stored to determine the locations of SHT axons within the diencephfor subsequent analysis. alon and spinal cord (Burstein et al. 1987 (Burstein et al. , 1991a Two or more low-threshold points with different antidromic laal. 1994a,c) . We also used these methods recently to examtencies were frequently encountered in the same anterior-posterior ine the locations of descending SHT axons within the ipsilatlevel. One reason that this occurred might be that the ascending eral brain and their sites of apparent termination (Zhang et axon and one or more of its collateral branches were antidromically al. 1995). In the present study we used these methods to activated at the same level. In such cases, the point with the shortest determine, for the first time, the location of SHT axons as latency was assumed to indicate the location of the ascending axon they ascend toward the hypothalamus in the contralateral activated in passage (Lipski 1981; McMahon and Wall 1985) .
Low-threshold points with longer latencies at the same anteriorbrain. In addition, we attempted to determine, also for the posterior plane were thought to reflect the position of collateral first time, whether ascending nociceptive SHT axons give branches from the parent axon (Lipski 1981; McMahon and Wall rise to collateral branches in the brain stem and, if so, to 1985) , if the latency at such points was greater than that of the what areas such branches are likely to project. point classified as the parent axon at the adjacent anterior level. Collateral branches are generally smaller in diameter and have lower conduction velocities than their parent axons (Fields et al. M E T H O D S 1996; Lipski 1981; McMahon and Wall 1985; Shinoda et al. 1982a Shinoda et al. ,b, 1986 . In this study, the mean conduction velocity of the The methods used in this study have been described in detail ascending axons was roughly 8 times faster than that to points previously (Dado et al. 1994a; Zhang et al. 1995) . Adult male classified as collateral branches (see below), supporting the idea rats were anesthetized with urethan (1.3 g/kg), paralyzed with that such points were appropriately classified. Another reason that gallamine triethiodide, and artificially ventilated. End-tidal CO 2 more than one low-threshold point was found at a single anteriorand core temperature were maintained at normal physiological levposterior plane might be that an ascending axon coursed dorsovenels. Rats were placed in a sterotaxic frame, and laminectomies trally or mediolaterally within the same anterior-posterior plane. were made over C 1 -C 2 and the cervical enlargement. Much of the We attempted to identify axons that may have shifted their location dorsal surface of the cranium was removed to allow insertion of within a single anterior-posterior plane. Low-threshold points were stimulating electrodes throughout the brain. A stainless steel stimuso identified if 1) more than one was located in a single anteriorlating electrode was lowered into the area of the SoD, where SHT posterior plane, 2) each point had an antidromic latency that was axons are concentrated as they enter the hypothalamus (Burstein greater than that of the ''ascending axon'' at the adjacent caudal et al. 1991a; Cliffer et al. 1991; Dado et al. 1994a ). Cathodal level, and 3) each point had an antidromic latency that was less current pulses (500 mA, 200 ms) delivered through the tip of this than that of the ascending axon at the adjacent rostral level (see electrode served as the search stimulus. Stainless steel microelec- Fig. 4 , points labeled i-k). As shown below, 16 low-threshold trodes were moved through the dorsal horn of the cervical enlargepoints met these criteria. Fourteen were located in the rostral pons ment contralateral to the stimulating electrode until an antidromior caudal midbrain, in the area where anatomic studies indicate cally activated unit was isolated. The stimulating electrode was that ascending spinal axons shift their position from near the ventral then moved from the dorsal to the ventral surface and antidromic surface of the brain to a more dorsal position (Mehler 1969 ; Zemlan thresholds were determined at 200-mm intervals. This procedure et al. 1978) . Low-threshold points that did not meet the criteria was repeated in different tracks in the same anterior-posterior plane to be classified as ascending axons or collateral branches were until a point was located at which the antidromic threshold was designated as ''not classified.''°30 mA (such points are referred to as low-threshold points).
Conduction velocities of the presumed collateral branches were Current pulses°30 mA have been shown to activate SHT axons estimated. The conduction time in the collateral branch was deterat a distance of°400 mm from the stimulating electrode (Burstein mined by subtracting the antidromic latency of the parent axon at et al. 1991a; Dado et al. 1994a ). The criteria for antidromic activathe anterior-posterior level of the branch point from the latency at tion (Lipski 1981) were constant latency of responses, ability to follow pulses delivered at high frequencies (¢333 Hz), and colli-the branch point. The conduction distance of the branches was J0473-6 / 9k0b$$ja09 08-13-97 18:04:34 neupal LP-Neurophys by 10.220.33.6 on November 2, 2016 http://jn.physiology.org/ Downloaded from estimated by calculating the minimum distance between the locaneurons were recorded in the superficial dorsal horn; 46 tion of the parent axon and the location of the branch point.
(77%) were in the DDH. Fifty recording sites (78%) were The responses of examined neurons to innocuous and noxious located in segment C 7 , 13 (20%) in C 8 , and 1 (2%) at the mechanical stimulation of the forelimb were determined (see Dado border of C 7 and C 8 . et al. 1994b) . SHT neurons were classified as high threshold (HT) if they responded only to noxious stimuli and wide dynamic range
Physiological characteristics
(WDR) if they responded to innocuous mechanical stimuli but at higher frequencies to noxious mechanical stimuli. SHT neurons that Twenty-nine (45%) SHT neurons were physiologically responded at highest frequencies to innocuous mechanical stimuli characterized. Thirteen (45%) were classified as HT neuwere classified as low-threshold (LT) neurons. The boundaries of the rons, 15 (52%) as WDR neurons, and 1 (3%) as an LT receptive fields were determined with the use of the most effective stimulus (generally pinching). At the end of each experiment, the neuron. The lesions of 11 HT neurons were recovered; all recording site and each low-threshold point was marked with anodal were in the DDH. Twelve WDR neurons were recorded in current (25 mA, 10-40 s). Rats were perfused with 0.9% saline the DDH and three were in the superficial dorsal horn (Fig. followed by 10% Formalin containing 1% potassium ferrocyanide. 3). The LT neuron was recorded in the DDH.
Transverse sections were counterstained and reconstructed with the Three examined SHT neurons (10%) had excitatory reuse of a microscope equipped with a camera lucida drawing tube. ceptive fields that covered an area of less than three toes, The lateral funiculus of C 1 was divided into two roughly equal size 18 (62%) had receptive fields that were larger but were halves by extending a line form the center of the central canal laterally restricted to the ipsilateral forepaw, two (7%) receptive to a point halfway between the ventral root exit zone and the ventral fields extended over parts of the forepaw and limb, one (4%) and lateral aspect of the superficial dorsal horn (see Dado et al. 1994c covered parts of the ipsilateral forelimb and chest, and five for details). The atlas of Paxinos and Watson (1986) was used to aid in identifying structures in the brain.
(17%) covered the entire ipsilateral forelimb. The percentages of WDR and HT neurons and types of receptive fields were similar to those encountered in previous studies of SHT R E S U L T S neurons in the cervical enlargement of rats (Dado et al. Sixty-four neurons were antidromically activated from 1994b; Zhang et al. 1995) . low-threshold points (°30 mA) in the contralateral hypothalamus. Figure 1 shows an example of antidromic activa-Antidromic activation from the contralateral hypothalamus tion of an SHT neuron. The low-threshold point (15 mA) from which the neuron was antidromically activated was A photomicrograph of an example of a lesion at an initial located in the SoD of the contralateral hypothalamus ( Fig. low -threshold point in the contralateral hypothalamus is pre-1, top left). The antidromic latency at this point was 2.15 sented in Fig. 2B . All 64 lesions at initial low-threshold ms (a1). Antidromic activation occurred at a constant lapoints were recovered in the contralateral hypothalamus. The tency (a1), followed trains of high-frequency pulses (a2), majority (49) was located in the SoD; others were in the and collided with orthodromic action potentials (a3) and optic tract (6), optic chiasm (3), lateral hypothalamus (5), with antidromic action potentials elicited with the use of a and ventromedial hypothalamic nucleus (1). second stimulating electrode in the upper cervical cord (a4 and a5). This SHT neuron was also antidromically activated Low-threshold points classified as ascending SHT axons at 10 levels in the contralateral brain stem. Each low-threshold point was surrounded medially, laterally, ventrally, and A total of 239 low-threshold points were classified as dorsally by points at which considerably more current was originating from ascending (or parent) SHT axons. Figure  required to produce antidromic activation. Figure 1 , bottom, 4 illustrates antidromic activation of an apparent ascending depicts antidromic activation at two low-threshold points in SHT parent axon from low-threshold points at 13 anteriorthe medulla. The antidromic latency from the point labeled posterior levels of the brain. In this case, no evidence was b was 1.00 ms and that from the point labeled c was 1.35 found for the presence of collateral branches from the asms. On the basis of the criteria listed in METHODS, point b cending axon. Initially, the SHT neuron was antidromically was considered to represent the location of the ascending activated from the SoD in the lateral hypothalamus (point parent SHT axon and point c was considered to represent a, latency Å 4.70 ms). This SHT neuron was activated from the location of a collateral branch from the SHT axon. Figure four low-threshold points (points b-e; latencies Å 1.60, 1, middle, illustrates antidromic activation at one level in the 1.65, 1.70, and 1.80 ms) in the ventrolateral medulla. These rostral pons in which a single low-threshold point (labeled d, points were located near the lateral reticular nucleus caudally 5 mA) was located in the lateral lemniscus. The antidromic and near nucleus ambiguus rostrally. The axon was also latency was 1.4 ms. Antidromic action potentials elicited activated from ventrolateral positions within the pons (points from points b-d collided with antidromic action potentials f-i; latencies Å 1.90, 2.10, 2.15, and 2.35 ms), near the elicited from the second stimulating electrode in the upper facial nucleus caudally, and adjacent to or within the lateral cervical cord (Fig. 1, b2 and b3, c2-c4, and d2-d4).
lemniscus rostrally. The SHT axon was activated from increasingly dorsal locations in the rostral pons and caudal midbrain (points j-l; latencies Å 2.50, 2.50, and 2.60 ms).
Recording sites
In the rostral midbrain, the SHT axon was located near the brachium of the inferior colliculus (point m, latency Å 2.75 An example of a lesion at a recording site in the DDH is shown in Fig. 2A . The locations of the lesions of the re-ms). In the posterior thalamus the SHT axon was activated in the posterior nucleus of thalamus (points n and o, laten-cording sites of 60 SHT neurons are illustrated in Fig. 3 . Lesions were not recovered in four cases. Fourteen (23%) cies Å 2.90 and 3.30 ms). The unit was classified as a WDR neuron ( Fig. 4D) and was recorded in nucleus proprius of the midbrain (Fig. 6 , 08.3, dorsal half, through 05.6). The locations of the axons of eight neurons were determined at the DDH (Fig. 4C) .
one level of the midbrain, the locations of 11 axons were An example of a lesion at a low-threshold point classified determined at two levels, and 4 axons were examined at as an ascending axon in the dorsal lateral funiculus in C 1 is three levels. In the midbrain, the bulk of ascending axons shown in Fig. 2C . Thirty-eight SHT neurons were antidromiwas located laterally in or near the brachium of the inferior cally activated from 45 low-threshold points in C 1 (Fig. 5 ).
colliculus and the lateral part of the mesencephalic reticular The locations of the axons of 38 neurons were determined nucleus. The locations of 17 ascending SHT axons were at one level of C 1 and the locations of 7 axons were deterdetermined at 20 low-threshold points in the caudal thalamus mined at two levels. With the exception of a small number ( Fig. 6, 05 .6). The locations of the axons of 14 neurons of points within the ventral lateral funiculus in caudal segwere determined at one level of the caudal thalamus, and ment C 1 , SHT axons ascended within the dorsal half of the the location of three axons were determined at two levels. lateral funiculus. In a previous study (Dado et al. 1994c) , Ascending axons were located in the medial part of the we found that in midcervical segments fewer than one third medial geniculate or in the posterior thalamic nucleus. of SHT axons were located in the dorsal lateral funiculus. The remainder were in the ventral lateral funiculus. However, many SHT axons appeared to shift their locations such Low-threshold points classified as collateral branches of that within C 2 , 74% of all examined SHT axons were located ascending SHT parent axons in the dorsal lateral funiculus. The present findings indicate that the shifting of SHT axons into the dorsal lateral funicu-A total of 114 low-threshold points were classified as lus continues in C 1 such that virtually all SHT axons are collateral branches (Fig. 6 ). These points originated from located in the dorsal lateral funiculus in rostral C 1 .
37 SHT parent axons that were examined at 185 anterior- Figure 2 , D-F, illustrates examples of lesions at the lowposterior levels of the brain. The mean number of levels threshold points of ascending axons in the medulla, pons, and examined for each of these SHT axons was 5.1. No evidence midbrain. The locations of 29 SHT axons were determined at was seen for collateral branches from 27 examined SHT 73 low-threshold points in the medulla (Fig. 6 , 014.6 neurons. However, these SHT axons were only examined at through 011.8). The locations of the axons of nine neurons 51 levels of the brain. The mean number of levels examined were determined at one level of the medulla, the locations for each of these 27 SHT axons was 1.8. In this group, only of five axons were determined at two levels, eight axons three SHT axons were examined at three or more levels of were examined at three levels, five axons at four levels, and the brain. Therefore, because the number of levels of the two axons at five levels. Ascending parent SHT axons were brain that were examined in this group was small, it is uncerfound ventrolaterally within or adjacent to the lateral reticutain how many axons in this group did or did not give rise lar nucleus, lateral paragigantocellular nucleus, and nucleus to collateral branches. ambiguus. In the pons, the locations of 25 ascending SHT An example of antidromic activation of an SHT neuron axons were determined at 59 low-threshold points (Fig. 6 , through both its parent axon and presumed collateral 010.5 through 08.3, ventral half). The locations of the axbranches in C 1 and the medulla is shown in Fig. 7 . This ons of six neurons were determined at one level of the pons, neuron was initially antidromically activated in the SoD of the locations of eight axons were determined at two levels, the lateral hypothalamus at a latency of 2.05 ms (Fig. 7E ). seven axons were examined at three levels, and four axons It was then activated through its apparent parent axon (point at four levels. Ascending SHT axons in the pons were located b; latency Å 1.05 ms) in the dorsal half of the lateral funicuprimarily within or adjacent to the facial nucleus, superior lus ( Fig. 7F ) in C 1 . It was also activated from three points olivary complex, and lateral lemniscus. The locations of 22 (c-e, latencies Å 1.25, 1.30, and 1.45 ms) in the adjacent DDH. Note that the antidromic latencies at the presumed SHT axons were determined at 42 low-threshold points in FIG. 1. Methods for antidromic activation of a spinohypothalamic tract (SHT) neuron within the contralateral hypothalamus and brain stem. Electrode penetrations were made initially in the contralateral hypothalamus (top left). The current amplitude required to activate the neuron antidromically is indicated. The low-threshold point is circled and located in the supraoptic decussation (SoD) of contralateral hypothalamus. The putative antidromic response had a stable latency (3 overlapping traces in a1), followed high-frequency trains of pulses (a2), and collided with orthodromic action potentials (a3). The neuron was also antidromically activated from a low-threshold point in the upper cervical cord (a4). When the interval between stimuli delivered in the hypothalamus and cord was reduced (a5), collision occurred. This demonstrates that action potentials elicited from both points traveled in the same axon. The neuron was also antidromically activated from 10 levels of the contralateral brain stem. Antidromic responses from these low-threshold points (b1, c1, and d1) also collided with antidromic responses from the upper cervical cord (b2 and b3, c2 and c3, d2 and d3) . In b3 and c3, stimulation artifacts from these points overlapped with the antidromic spike from the upper cervical cord. When the amplitude of current in the upper cervical cord stimulation was reduced to a point just under antidromic threshold, the antidromic spikes elicited from the points in the medulla were present (b4 and c4). Arrows: points at which the antidromic action potentials elicited from the brain would have occurred. Note that the antidromic latencies increased as the axon apparently ascended from the contralateral medulla to the hypothalamus. Note also that the latency at the point labeled c is longer than that of low-threshold points at rostral levels, suggesting that a slowly conducting daughter branch left the ascending parent axon and projected to the dorsal-lateral medulla. The ascending axon was also located laterally in the rostral midbrain near the brachium of the inferior colliculus (point f, latency Å 1.40 ms) and in the midbrain reticular nucleus (point g, latency Å 1.55 ms). The parent axon continued rostrally, passing though the posterior nucleus (point h, latency Å 1.60 ms), where it appeared to give rise to a branch in posterior thalamic nucleus, near the lateral border of the anterior pretectal nucleus (point i, latency Å 2.40 ms). The neuron was recorded in the DDH (Fig. 8C) and was classified as a WDR neuron (Fig. 8D) . The locations of 16 low-threshold points that were classified as collateral branches within C 1 are shown in Fig. 5 . Fourteen were located in or near the lateral reticulated area of the DDH; two branches were found in the dorsal lateral funiculus. Figure 2D illustrates an example of lesions at the sites (open arrows) of two low-threshold points that were classified as collateral branches in the medulla. Forty-five lowthreshold points that were classified as originating from collateral branches were found in the medulla (Fig. 6, 014 .6 through 011.80). Fourteen low-threshold points were found in the medullary reticular nucleus caudally. Twelve lowthreshold points were found within the reticular formation surrounding nucleus ambiguus. Seven were in or near the lateral reticular nucleus. Other low-threshold points that appeared to indicate the presence of collateral branches were found in parvocellular reticular nucleus (4), cuneate nucleus In the pons, 26 low-threshold points were found that were classified as collateral branches (Fig. 6, 010 .5 through 08.3 collateral branch points were considerably longer than those of the presumed parent axon at levels several millimeters ventral half). These were located mainly in pontine reticular nucleus caudalis (8). Others were found in gigantocellular rostrally. The locations and latencies of these latter points suggest that one or more collateral branches emanated from reticular nucleus (6), parvocellular reticular nucleus (4), superior olivary complex (4), pontine reticular nucleus the SHT axon within the dorsal lateral funiculus and entered the dorsal horn. The SHT axon was activated in the ventral oralis (1), lateral lemniscus (1), trigeminal nucleus oralis
(1), and medial parabrachial nucleus (1). and lateral reticular formation in the posterior medulla (point f, latency Å 1.10 ms). At this level also, the SHT axon Twenty-three collateral branches were found in the midbrain (Fig. 6, 08 .3, dorsal part, through 05.6). These were apparently gave rise to a collateral branch (point g, latency Å 1.40 ms). The SHT axon was also antidromically located primarily in the mesencephalic reticular nucleus (11), brachium inferior colliculus (4), cuneiform nucleus activated from low-threshold points at three more anterior levels of the medulla (Fig. 7F , points h-j; latencies Å 1.15, (2), intermediate layers of the superior colliculus (2), central gray (2), and substantia nigra (2). 1.20, and 1.25 ms). Each of these latter points was located ventrally and laterally, within or adjacent to the lateral reticu-In the caudal posterior thalamus, four SHT axons appeared to give rise to four collateral branches (Fig. 6, 05 .6). Two lar nucleus, gigantocellular reticular nucleus, or nucleus ambiguus. No evidence for branches from this axon was found were located in the posterior thalamic nucleus and two in the medial geniculate nucleus. at these more rostral levels of the medulla. The neuron was recorded in the DDH, at the dorsal border of the lateral Sixteen of the SHT neurons that appeared to give rise to collateral branches were physiologically classified; seven reticulated area (Fig. 7C) , and was classified as a WDR neuron (Fig. 7D) .
were HT and nine were WDR neurons. The locations of 60 low-threshold points representing presumptive branches Figure 8 illustrates a different example of the path of an ascending SHT axon and its presumed collateral branches, from physiologically classified SHT neurons are illustrated in Fig. 9 . Forty anterior-posterior planes were examined for in this case within the pons, midbrain, and posterior thalamus. This neuron was antidromically activated initially from possible branches from HT neurons; 34 were found. Fiftyone different anterior-posterior planes were examined for the contralateral SoD (Fig. 8E , point a, latency Å 2.00 ms). In the rostral pons, the neuron was activated via its presumed possible branches from WDR neurons; 26 were found. The ratios of branches detected to planes searched was signifi-parent axon (Fig. 8F, point b , latency Å 1.20 ms) and from an apparent branch (point c, latency Å 1.45 ms) located cantly greater for axons classified as HT than for those classified as WDR (x 2 , P õ 0.002). The mean number of low-medially adjacent to the ascending axon. In the caudal midbrain, the axon was also activated from what was likely its threshold points representing branches was 4.9 for each HT neuron and 2.9 for each WDR neuron. These findings indi- Yamada and Otani 1977; Zemlan et al. 1978) including cate that SHT cells classified as HT may give rise to more humans (Bowsher 1957; Gardner and Cuneo 1945; Rasmus- collateral branches than those classified as WDR. sen and Peyton 1941; Walker 1940) . Such studies serve SHT neurons with axons that appeared to give rise to as the bases for much of the current understanding of the collaterals were recorded throughout the dorsal horn. The organization of ascending spinal axons, including spinothadistribution of such neurons was not obviously different from lamic tract and many other types of axons. However, we that of those SHT neurons for which branches could not be believe that the precise identity of labeled or degenerating found.
fibers in these studies is not always entirely clear. In fact, it is almost impossible to determine whether individual labeled Conduction velocities or degenerating fibers in the medulla ultimately reach the level of the thalamus or terminate in, for example, the pons The mean conduction velocity of the 64 examined SHT or midbrain. This shortcoming makes it all but impossible axons from the initial low-threshold points in the contralatto identify unequivocally individual spinothalamic tract fieral hypothalamus to the recording points in the cervical bers and branches at any level below the thalamus with the enlargement was 16.7 { 0.7 (SE) m/s (Fig. 10) . The mean use of conventional anatomic methods. conduction velocity for ascending SHT axons classified as In this study, the method of antidromic activation was WDR was 17.3 { 1.3 m/s and 15.9 { 1.4 m/s for HT used to identify each examined neuron by initially antidromiaxons; these conduction velocities did not differ significantly cally activating it from a low-threshold point in the hypothal-(Student's t-test, P ú 0.1). The mean conduction velocity amus. Attempts were then made to establish the position of of collateral branches in C 1 was 2. 1994a; Zhang et al. 1995) , and descending SHT axons SHT axons was roughly 8 times that of the mean conduction in the midbrain, pons, and medulla (Zhang et al. 1995) . In velocity from the parent axon to sites classified as collateral a few previous studies, antidromic activation has been used branches (Fig. 10 ), a significant difference ( P õ 0.0001, to determine the locations of a small number of apparent Student's t-test). The mean conduction velocities of branches from spinothalamic tract axons (Fields et al. 1977 ; branches at the various examined levels did not differ from Giesler et al. 1981; Price et al. 1978) . In the course of this study, two or more low-threshold Throughout the last 100 years, the locations of ascending points for antidromic activation were frequently encountered spinal axons in the brain have been studied many times with within the same anterior-posterior plane. These low-threshthe use of anatomic techniques. Such studies have provided old points often had differing antidromic latencies. We have a detailed picture of ascending spinal axons at many levels used criteria that we believe help indicate whether such of the brain in a variety of species (Hazlett et al. 1972 ; Le points reflect the presence of parent axons or collateral Gros Clark 1936; Lund and Webster 1967; Mehler 1969; Mehler et al. 1960; Mott 1895; Weaver and Walker 1941; branches. For example, at a plane having several low-thresh- FIG. 4. Example of the course of an SHT axon in the contralateral medulla, pons, midbrain, and posterior thalamus. A: representation of a dorsal view of the area of the brain outlined by the box in the diagram in B. Penetrations with a stimulating electrode were made at multiple anterior-posterior levels in the contralateral brain. The minimum antidromic threshold in each penetration is represented by a symbol (inset). C: location of the recording site in C 7 . D: responses of this neuron to cutaneous stimuli. E: locations of lesions made at low-threshold points a-o and antidromic action potentials elicited at each low-threshold point. The axon was activated at progressively longer latencies at each level in the contralateral brain stem (points b-o). Note that this SHT axon was examined at 1-mm intervals from the caudal medulla to the posterior thalamus. In the medulla the parent axon was located near the lateral reticular nucleus. Note also that at the level of the junction of the pons and midbrain (09 from the bregma), there were 3 low-threshold points in the lateral lemniscus. The latencies from ventral point i to dorsal point k increased, suggesting that the axon shifted dorsally in the lateral lemniscus and then ascended to the brachium of inferior colliculus in the midbrain. The parent axon ascended through the posterior nucleus of thalamus. AH, anterior hypothalamus area; Apt, anterior pretectal nucleus; Aq, aqueduct; CN, cuneiform nucleus; CP, cerebral peduncle; CsT, corticospinal tract; DLG, dorsal lateral geniculate nucleus; FR, fasciculus retroflexus; GN, gracile nucleus; IC, internal capsule; InC, inferior colliculus; LP, lateral posterior thalamic nucleus; MG, medial geniculate nucleus; ML, medial lemniscus; MtT, mammillothalamic tract; NTB, nucleus of the trapezoid body; PC, posterior commissure; PN, pontine nucleus; PRNC, pontine reticular nucleus caudalis; Po, posterior thalamic nucleus; PSV, trigeminal sensory nucleus principalis; RT, reticular thalamic nucleus; SNC, substantia nigra, compact part; SNR, substantia nigra, reticular part; SOC, superior olivary complex; V, trigeminal motor nucleus; VbC, ventrobasal complex; VmH, ventromedial hypothalamic nucleus; ZI, zona incerta; 7N, facial nerve. (88%) of these cases occurred in the anterior pons and posterior midbrain, where ascending spinal axons are known to shift position from near the ventral surface of the brain stem to a more dorsal position near the brachium of the inferior colliculus (Mehler 1969; Zemlan et al. 1978) . Therefore our criteria for classifying multiple low-threshold points reflecting the position of the same parent axon in one anteriorposterior plane appear to be reasonably effective. However, it should also be pointed out these criteria are not unequivocal. For example, a short-length daughter branch with a conduction velocity that was similar to that of the parent axon could have been misclassified as a parent axon. We believe that the criteria we used are logical, and that they help make reasonable interpretations of these complex results. In addition, the interpretations that they produce fit with many of the known anatomic arrangements of ascending spinal axons. However, these interpretations should be considered tentative; it will be important to attempt to evaluate their accuracy with the use of other techniques including intra-axonal dye filling methods.
Although our results indicate that a large number of collateral branches leave the SHT in a number of areas extending from C 1 to the posterior thalamus, antidromic methods often do not provide an accurate picture of the total number of branches that emanate from a parent axon. Antidromic activation has been used to examine a number of projection systems in the brain and spinal cord, including cortico-, vestibulo-, and rubrospinal projections (Abzug et al. 1974; Shinoda et al. 1976 Shinoda et al. , 1977 . Intra-axonal injections of horseradish peroxidase have also been used to reexamine these same systems (Shinoda et al. 1982a (Shinoda et al. ,b, 1986 . Comparison of the results of these two methods indicates that the antidromic activation method can reveal the course of parents axons and at least some of the daughter branches that emanate from them. However, such comparisons also indicate that antidromic activation provides only an incomplete picture FIG. 5. Location of 45 recovered low-threshold points for antidromic activation of 38 SHT neurons in contralateral C 1 . Note that low-threshold and that large numbers of daughter branches, particularly points were located mainly in the dorsal lateral funiculus. Note also that those that either have a small diameter or a short length, are 14 branches from SHT axons were found in the DDH of C 1 . LCN, lateral often not revealed. Therefore, although we have seen many examples of what were apparently branches from SHT axons, we may have been unable to detect many other branches old points with differing latencies, we classified the lowfrom SHT axons. For this reason also, it would be useful to threshold point having the shortest antidromic latency as the label individual ascending SHT axons intra-axonally. location of the parent axon (Fields et al. 1996; Lipski 1981; McMahon and Wall 1985) . Conversely, we classified the Locations of presumed parent SHT axons and collateral longer-latency low-threshold points at the same anterior-posbranches from them terior plane as points at which it was likely that branches from the parent SHT axon were antidromically activated Within the medulla, ascending parent SHT axons were (Fields et al. 1996; Lipski 1981; McMahon and Wall 1985) . located ventrolaterally, in or near the lateral reticular nucleus We have classified such points as branches only if their and nucleus ambiguus. Within the medulla, evidence was latencies exceed the latency of the presumptive parent axon found for the presence of 45 branches from SHT axons. at the adjacent anterior plane. We believe that the use of Nearly 90% of these low-threshold points were located in this criterion helps in differentiating between branches and one of the nuclei that comprise the medullary reticular forlocating the parent axon at several locations in the same mation. These included the medullary reticular nucleus, the anterior-posterior plane. In a number of cases, multiple lowreticular formation surrounding nucleus ambiguus, the latthreshold points were encountered in one plane, but each eral reticular nucleus, and the parvocellular and gigantocelluhad a latency of less than that of the parent axon at the next lar reticular nuclei. Smaller numbers of branches were found anterior plane. Such results were interpreted as indicating in the cuneate nucleus and the solitary nucleus. Our findings the position of a parent axon shifting its location within an suggest that large numbers of branches emanate from SHT anterior-posterior plane. Sixteen cases were encountered in axons in the medulla and that their primary target is the which low-threshold points met these criteria for classificanuclei of the medullary reticular formation.
Anatomic studies have described the course of ascending tion as axons shifting their position within a plane. Fourteen 6 . Summary of the locations of lesions in the contralateral medulla, pons, and midbrain marking 313 low-threshold points for antidromic activation of 54 SHT neurons. The distance from bregma of each plane is indicated to the right of each section. Note that parent SHT axons in the medulla were located in and around the lateral reticular nucleus. In the pons, axons were concentrated in or around the facial nucleus and superior olivary complex, then shifted dorsally in the lateral lemniscus to the area medial to the brachium of inferior colliculus in the midbrain. At the junction of the midbrain and the thalamus, parent SHT axons ascended through the posterior nucleus of thalamus. Note also that evidence for many branches from SHT axons was found throughout the brain stem, particularly within the medulla. DLL 7 . Example of an SHT axon that appeared to issue branches in C 1 and in the caudal medulla. A: dorsal view of the area of the brain outlined by the box in the diagram in B. C: location of the recording site in C 7 . D: responses of this WDR neuron to cutaneous stimuli. E and F: locations of lesions made at low-threshold points a-j and antidromic action potentials elicited at each low-threshold point. The initial low-threshold point a was in the SoD; the latency was 2.05 ms. The axon was also activated in the contralateral upper cervical cord and medulla at low-threshold points b-j. The shortest-latency lowthreshold points, b and f, were located in the dorsal lateral funiculus and ventral medullary reticular nucleus and appear to represent the locations of the parent axon. Latencies at points c-e and g were longer than those at low-threshold points at the next rostral levels, suggesting that slowly conducting daughter branches emanated from the parent axon at each of these levels. These branches were located dorsally and medially from the parent axon, mainly in the reticular formation. The parent axon in the medulla was located in the ventrolateral medullary reticular formation. ECu, external cuneate nucleus; Hb, habenular nucleus; ICP, interior cerebellar peduncle; PyD, pyramidal tract decussation. 8 . Example of an SHT axon that issued several branches in the pons, midbrain, and posterior thalamus. A: representation of a dorsal view of the area of the brain outlined by the box in the diagram in B. C: location of the recording site in C 7 . D: responses of this WDR neuron to cutaneous stimuli. E and F: locations of lesions made at low-threshold points a-i and antidromic action potentials elicited at each low-threshold point. The initial low-threshold point a was in the contralateral hypothalamus. The axon was also activated at progressively longer latencies at each level in the contralateral pons, midbrain, and posterior thalamus (points b-i). Note that in some levels there were 2 low-threshold points with different latencies. Latencies in points c, e, and i were longer than those at low-threshold points in the next rostral levels, suggesting that slowly conducting daughter branches emanated from the parent axon in these levels. Point c was located in the pontine reticular nucleus; points e and i were in the mesencephalic reticular nucleus and posterior thalamic nucleus. In the pons, the axon ascended in the lateral lemniscus, then shifted dorsally to the brachium of inferior colliculus in the midbrain. The parent axon ascended through the posterior nucleus of thalamus. BSC, brachium superior colliculus. spinal fibers within the medulla of rats. These studies have both branches from ascending and descending SHT axons appear to project to a number of areas of the medullary examined degenerating fibers produced by cordotomies (Mehler 1969) or fibers that were anterogradely labeled by reticular formation. These findings suggest that SHT projections to the medullary reticular formation are bilateral. applying horseradish peroxidase within the spinal cord white matter (Zemlan et al. 1978) . Within the medulla, large num-Within the posterior pons, the majority of ascending SHT axons was antidromically located ventrolaterally, primarily bers of ascending fibers were noted in the same regions of the ventrolateral medulla. Fibers were described leaving this within or near the facial nucleus, superior olivary complex, and lateral lemniscus. Apparent branches were activated in region and coursing dorsally and medially into the reticular formation. Zemlan et al. (1978) also noted labeled spinal pontine reticular nucleus caudalis, gigantocellular reticular nucleus, lateral lemniscus, superior olivary complex, parvo-fibers within the cuneate nucleus. Therefore these previous and the present findings suggest that collateral branches of cellular reticular nucleus, pontine reticular nucleus oralis, trigeminal nucleus oralis, and the medial parabrachial nu-SHT axons contribute heavily to spinoreticular tract projections and to a lesser extent to the spinosolitary tract (Mene-cleus. In the pons, the majority (69%) of SHT branches was activated in the reticular formation. Therefore it appears that trey and Basbaum 1987) and to the projection from the spinal dorsal horn to the cuneate nucleus (Cliffer and Giesler 1989;  in the pons also, collateral branches from SHT axons provide a prominent projection to the reticular formation. In previous Giesler et al. 1984) .
In a previous study of SHT axons (Zhang et al. 1995) , anatomic studies in rats, ascending spinal axons were also seen primarily in the ventrolateral part of the pons. However, we noted that after crossing the midline in the posterior part of the optic chiasm, several SHT axons descended as far as in contrast to our findings, ascending spinal axons were located lateral and ventral to the facial nucleus, not within it. the ipsilateral medulla. In that study, descending SHT axons were antidromically activated from five low-threshold points In these previous studies (Mehler 1969; Zemlan et al. 1978) , terminal degenerating fibers were seen in all of the areas in in the reticular formation of the ventral medial medulla. In that study we also found evidence in several cases for the which we antidromically activated apparent SHT branches including several reticular nuclei. presence of branches that emanated from the parent SHT axons in the contralateral medulla and crossed into the ipsi-Within the rostral pons and midbrain, ascending SHT axons were antidromically located laterally, as they coursed lateral medulla (see Fig. 7 in Zhang et al. 1995 dorsally from near the ventral surface within the lateral lemniscus. Within the same anterior-posterior plane at this level, the same SHT axon was sometimes activated at several points. The points near the ventral surface had the shortest latencies and those located dorsally, near the brachium of the inferior colliculus, had longer latencies. Because these SHT neurons frequently could not be antidromically activated from areas immediately anterior to the most ventral points, it appeared that the SHT axons coursed dorsally at this level. Here again, our results are similar to previous anatomic studies in which labeled spinal axons were seen coursing dorsally within the same region of the lateral midbrain (Mehler 1969; Zemlan et al. 1978 ). In the present study, apparent branches were antidromically activated in several areas of the midbrain, including the mesencephalic reticular nucleus, the cuneiform nucleus, the brachium of the inferior colliculus, the intermediate layers of the superior colliculus, the central gray, and the substantia nigra. Many of these same areas have been shown to receive direct spinal input in anatomic studies (Mehler 1969; Zemlan et al. 1978) . Our findings suggest that branches from SHT axons contribute to spinomesencephalic tract projections, here again, particularly strongly to nuclei in the reticular formation.
In the posterior diencephalon, all SHT axons were antidromically activated laterally; these axons apparently passed through the medial part of the medial geniculate and the posterior nucleus, an area in which several studies in rats have shown that large numbers of spinothalamic tract and SHT axons enter the diencephalon (Cliffer et al. 1991; Lund and Webster; 1967; Mehler 1969) . A small number of apparent branches from SHT axons was detected in the posterior diencephalon; these were in the posterior nucleus of thalamus and medial geniculate.
FIG. 11. Schematic diagram illustrating the bilateral course of SHT axons and collateral branches from them. Bracket: area of the contralateral brain that was examined in the present study. Note the large number of collateral branches from SHT axons in this region. The data supporting the locations of SHT axons and collateral branches in the remainder of the figure have been reported previously (Burstein et al. 1991a; Cliffer et al. 1991; Dado et al. 1994a; Zhang et al. 1995) . FIG. 10 . Histograms illustrating the conduction velocities of SHT axons between the recording sites and the initial low-threshold points in the contralateral hypothalamus and the conduction velocities of collateral branches Functional implications in C 1 , medulla, pons, midbrain, and posterior thalamus. Note that the conduction velocities of presumed branches were considerably slower than Several of the areas that appear to receive input from those of ascending SHT axons. The number in each sample is indicated in parentheses.
branches of SHT axons are thought to play roles in somatic J0473-6 / 9k0b$$ja09 08-13-97 18:04:34 neupal LP-Neurophys by 10.220.33.6 on November 2, 2016 http://jn.physiology.org/ Downloaded from sensory processing. The gray matter of C 1 contains large rons, through their widespread bilateral axonal projections, may alter the firing of neurons in many areas of the brain numbers of neurons that respond to noxious stimuli delivered within large receptive fields that can extend over the entire stem, midbrain, and diencephalon. Thus activation of SHT axons may directly affect the activity of many areas of the body (Carstens and Trevino 1978; Smith et al. 1991; Yezierski and Broton 1991; Zhang et al. 1996) . Many neurons in CNS that are know to be involved in the production of autonomic, neuroendocrine, and affective responses to nox-the upper cervical spinal cord send axonal projections that reach the midbrain, thalamus, and hypothalamus (Burstein ious stimuli. et al. 1990a,b; Carstens and Trevino 1978; We thank Drs. A. Gokin, K. Kajander, and M. Wessendorf for critically Mendez 1991; Zhang et al. 1996) . Fourteen low-threshold reading an early version of this manuscript, and H. Truong for technical points that were classified as arising from collateral branches assistance.
of SHT axons were located in the gray matter of C 1 . Three This work was supported by National Institute of Neurological Disorders SHT neurons that gave rise to apparent axonal branches in and Stroke Grant NS-25932. C 1 were physiologically classified; each was a WDR neuron. forebrain and limbic system. In a similar manner, SHT neu- 
